Endoscopic Treatment vs. Shunting for Infant Hydrocephalus
T he health burden of hydrocephalus in infants is substantial in sub-Saharan Africa, where it affects approximately 180,000 infants per year. 1 Hydrocephalus in this region is most commonly postinfectious, occurring after neonatal ventriculitis. 2 In resourcelimited settings, there are economic, cultural, and geographic barriers to accessing treatment, even though the benefit-cost ratio for treatment has been shown to be favorable. 3 The two available treatments are ventriculoperitoneal shunting 4, 5 and endoscopic third ventriculostomy with choroid plexus cauterization (ETV-CPC). [6] [7] [8] [9] [10] [11] The endoscopic procedure relieves hydrocephalus by diverting the flow of cerebrospinal fluid (CSF), and cauterization of the choroid plexus reduces CSF production, further reducing hydrocephalus. 12 There is uncertainty regarding the relative benefits of these two procedures. Ventriculoperitoneal shunting is technically straightforward and has a lower rate of failure in the months immediately after surgery than does ETV-CPC, but it is more prone to failure over the long term, and patients with shunt-dependent hydrocephalus can require urgent shunt-revision surgery because of obstruction of the shunt tubing or valve. 13 Shunt failure can be fatal in regions of the world where there is no access to immediate neurosurgical care. In contrast, ETV-CPC is technically more difficult than shunting, but it has the advantage that virtually all failures occur within 6 months, 10, 11, 14 after which the risk of failure is low. 13 This characteristic allows for correction during infancy, when the urgency of intervention is lower than it is later in life. Ventricular shunting, however, also generally results in a greater reduction of ventricle size than does ETV-CPC, potentially leading to better cognitive outcome than the endoscopic procedure; this difference between procedures has been shown inconsistently. [15] [16] [17] [18] [19] [20] [21] [22] [23] We conducted a randomized trial to compare cognitive outcomes at 12 months between infants who underwent ETV-CPC and those who underwent ventriculoperitoneal shunting for postinfectious hydrocephalus in the resource-limited country of Uganda.
Me thods

Trial Design and Oversight
The trial was conducted at the CURE Children's Hospital of Uganda (CCHU), a freestanding pediatric neurosurgical hospital in eastern Uganda that serves as a countrywide referral center for patients with hydrocephalus. Infants were eligible for participation in the trial if they were younger than 180 days of age, met established criteria for postinfectious hydrocephalus, 2 had a mother who was at least 18 years of age, and lived in one of 31 districts in eastern Uganda that would facilitate access to follow-up at our center. Exclusion criteria included active CSF infection, computed tomographic (CT) evidence of congenital brain anomaly, and severe anatomical brain distortion or multiloculated hydrocephalus due to infection, any of which would make ventricular endoscopy difficult. Children were screened independently by two neurosurgeons, who determined whether either procedure would be appropriate to treat the hydrocephalus. Written informed consent was obtained from the mother of each patient in her home language; an English version of the consent form is provided with the protocol, available with the full text of this article at NEJM.org. All the authors vouch for the accuracy and completeness of the data, the reporting of adverse events, and the fidelity of the trial to the protocol.
The trial was approved by the ethics boards of CCHU, Boston Children's Hospital, the Hospital for Sick Children, and Pennsylvania State University. For administrative reasons, the trial was registered with ClinicalTrials.gov on July 29, 2013, which was 2 months after the first patient was screened (May 27, 2013) and after 6 of the 100 patients had been enrolled. Patients were randomly assigned in a nonstratified, simple 1:1 scheme generated at CCHU; assignments were concealed in sealed, opaque envelopes, which were opened in the preoperative holding area just before the patient entered the operating room.
Surgical Treatment of Hydrocephalus
ETV-CPC was performed through a unilateral frontal incision with a flexible endoscope. 6 The floor of the third ventricle was opened to create a ventriculocisternostomy that produced a route for decompression of the ventricles into the perimesencephalic and peripontine CSF spaces. The choroid plexus in each lateral ventricle was cauterized. If required, the septum pellucidum was fenestrated to access the choroid plexus in the contralateral ventricle. If the floor of the third ventricle could not be opened or if there was intraoperative evidence of prepontine cistern scar-
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T h e ne w e ngl a nd jou r na l o f m e dicine ring, which correlates with a high rate of later failure of endoscopic third ventriculostomy, 14 a ventricular shunt was inserted. 24 The ventricular shunt was a Chhabra shunt (Surgiwear), the standard type used at CCHU. 4, 5 All the patients received preoperative intravenous ceftriaxone prophylaxis, with an additional postoperative dose given after ventriculoperitoneal shunting, in accordance with standard CCHU treatment. Postoperative care, with a minimum 2-day hospital stay, was otherwise similar between the two groups.
Patients were examined at approximately 1, 3, 6, and 12 months after surgery. Home visits were conducted for patients who did not return for follow-up. Cranial CT was performed at 6 and 12 months.
Outcomes
The primary outcome was the Bayley Scales of Infant Development, Third Edition (BSID-3), cognitive scaled score at 12 months after surgery. Scores on the BSID-3, which is used to evaluate infants and toddlers 1 to 42 months of age, range from 1 to 19, with higher scores indicating better performance; the mean (±SD) score in the general population is 10±3. Secondary outcomes at 12 months included the BSID-3 expressive language, receptive language, general motor, and fine motor scaled scores. A trained evaluator under the supervision of a neuropsychologist, neither of whom was aware of the treatment assignments, used a culturally modified BSID-3 to evaluate all the children. 22 The baseline BSID-3 assessment was performed within 1 week before surgery. In one case, the baseline assessment was performed on the first postoperative day. During the BSID-3 follow-up evaluations, the children wore hooded jackets to conceal the treatment assignment from the evaluators.
Other secondary outcomes were mortality, the rate of infection, and the time to treatment failure. Successful treatment was determined with the use of clinical and radiographic criteria 2, [4] [5] [6] : the shift in the growth of head circumference to a normal rate, as plotted on a standard growth chart; decompression of the anterior fontanel; relief of symptoms of elevated intracranial pressure, such as irritability and vomiting; resolution of down-gaze or sixth cranial nerve palsy; and a decrease or arrest in ventriculomegaly as determined on ultrasonography or CT. Treatment failure was defined as treatment-related death or the need for a second operation for infection or for the recurrence of hydrocephalus. 25 We used previously described, semiautomated image segmentation of CT scans to calculate brain and CSF volume, and normalized curves for brain growth that were derived from magnetic resonance imaging (MRI) scans in the National Institutes of Health Pediatric MRI Data Repository (https:/ / pediatricmri . nih . gov/ nihpd/ info/ index . html) to quantify the normative growth percentile for the age and sex of each patient. 26 These assessments were performed by persons who were not aware of the patients' BSID-3 scores but were aware of the treatment assignments.
Post hoc exploratory analyses included a comparison of cognitive scores between the treatment groups with adjustment for age at randomization and baseline BSID-3 score, comparison between the treatment groups of the change from baseline to 12 months in the BSID-3 score, the proportion of patients with substantial brain growth (an increase in the z score for brain volume of ≥1 from baseline to 12 months), and the proportion of patients with normal brain volume (i.e., a brain volume larger than 1 SD below the age-corrected and sex-corrected mean) at baseline and at 12 months.
Statistical Analysis
On the basis of previously obtained data, 22 we expected that this population of children would have a BSID-3 cognitive scaled score of 6±4 after relief of hydrocephalus. We estimated that a clinically meaningful adjusted difference between the treatment groups would be 3 (approximately three quarters of an SD) on this scale. Assuming 20% mortality and 5% loss to follow-up, we estimated that 50 infants per group (100 in total) would need to be recruited in order for the trial to have 90% power to detect a clinically meaningful between-group difference in the BSID-3 cognitive scaled score at a two-sided alpha level of 0.05.
The primary analysis, which was performed in the modified intention-to-treat population (i.e., all patients who underwent randomization and for whom data were available at 12 months), was a comparison of 12-month scaled BSID-3 cognitive scores between the groups. The analysis was conducted with the use of the Mann-
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Whitney test and Hodges-Lehmann estimate of confidence intervals for medians. An analysis of covariance was also performed, with adjustment for age at randomization and baseline BSID-3 cognitive score. The secondary outcomes of 12-month scaled BSID-3 expressive language, receptive language, general motor, and fine motor scores were compared between the treatment groups with the use of the Mann-Whitney test. The Kaplan-Meier method with a log-rank test was used to estimate the between-group difference in the probability of treatment failure over time. Cox regression analysis was used to estimate the hazard ratio for treatment failure, with adjustment for age at randomization. The proportional-hazards assumption was confirmed by the nonsignificance of treatment as an interaction with time. Brain volumes were converted to z scores on the basis of previously described age-adjusted and sex-adjusted volume distributions, 26 and these normalized brain and CSF volumes were compared between the treatment groups with the use of the MannWhitney test. For the results of the post hoc exploratory analyses, raw results and 95% confidence intervals are provided.
R esult s
Patients
Between May 2013 and April 2015, a total of 158 patients were screened (Fig. 1) , and 100 patients were enrolled; 51 were assigned to the endoscopicventriculostomy group, and 49 were assigned to the ventriculoperitoneal-shunt group. The reasons for the exclusion of 57 of the patients were distorted ventricular anatomy that would have precluded the ability to safely perform third ventriculostomy (26 patients), ventricular loculations that would have required either endoscopic fenestrations or more than one ventriculoperitonealshunt catheter (17) , preexisting congenital anomalies (4), active CSF infections (4), absent cortical mantle (3), and the mother's decision to decline to provide consent (3). To account for the exclusion (due to active ventriculitis) of 1 patient after randomization, an additional patient was recruited. The baseline characteristics of the patients are shown in Table 1 . Of the 51 patients who were randomly assigned to the ETV-CPC group, 42 underwent ETV-CPC. Of the 49 patients who were randomly assigned to the ventriculoperito- T h e ne w e ngl a nd jou r na l o f m e dicine neal-shunt group, 48 received a ventriculoperitoneal shunt. Head circumference and CSF volume were significantly greater at baseline in the ventriculoperitoneal-shunt group than in the ETV-CPC group, but there were no other significant imbalances between the groups. Outcome data were missing for 6 patients (4 in the ETV-CPC group and 2 in the ventriculoperitoneal-shunt group), all of whom died before the 12-month follow-up; these patients were not included in the modified intention-to-treat population but are included in the intention-to-treat survival analysis.
Outcomes
Primary outcome data at 12 months were available for 47 patients in each treatment group (Fig. 1) . There was no significant between-group difference at 12 months in the median BSID-3 cognitive score, which was 4 in the ETV-CPC group and 2 in the ventriculoperitoneal-shunt group (estimated difference, 0; 95% confidence interval [CI], −2 to 0; P = 0.35) ( Table 2 ). The results were similar when adjusted for age at randomization and baseline BSID-3 cognitive score (P = 0.44).
There was no significant difference between the treatment groups at 12 months in the BSID-3 expressive language score (estimated difference, 0; 95% CI, −1 to 1; P = 0.84), receptive language score (estimated difference, 0; 95% CI, −1 to 0; P = 0.34), general motor score (estimated difference, 0; 95% CI, 0 to 0; P = 0.14), or fine motor score (estimated difference, 0; 95% CI, −2 to 0; P = 0.25) or in brain volume at 12 months (estimated difference in median z score, 0.3; 95% CI, −0.3 to 1.0; P = 0.12) ( Table 2 ). The median CSF volume at 12 months was significantly lower in the ventriculoperitoneal-shunt group than in the ETV-CPC group (estimated difference, −221 cm 3 ; 95% CI, −325 to −131; P<0.001). There were 18 treatment failures (35%) in the ETV-CPC group and 12 (24%) in the ventriculoperitoneal-shunt group (P = 0.28) ( Table 2 and Fig. 2 ). The estimated rates of failure-free survival did not differ significantly between the groups (adjusted hazard ratio for treatment failure, 0.7; 95% CI, 0.3 to 1.5; P = 0.24 by log-rank test).
Two deaths were judged by the investigators to be related to the trial treatment: one in a patient who was randomly assigned to the ETV-CPC group and underwent ETV-CPC, in whom death was attributed to treatment failure 8 months after surgery; and one in a patient who was assigned to the ETV-CPC group and crossed over to ventriculoperitoneal shunting, in whom ventriculitis and subdural empyema developed 5.5 months after surgery. Nine other patients died from unrelated causes, 4 of whom died during the first 12 months after surgery: 4 patients died from acute gastroenteritis (at 7, 12, 24, and 29 months), 3 from malnutrition (at 12, 12, and 21 months), 1 from pneumonia (at 22 months), and 1 from measles (at 24 months). There were four procedure-related infections (one fatal, as described above), all of which occurred after ventriculoperitoneal shunting was performed (two as assigned and two crossovers). Total mortality and rates of infection did not differ significantly between the treatment groups (Table 2) . Post hoc analyses comparing the change in BSID-3 scores from baseline to 12 months between the treatment groups are shown in Table  S1 in the Supplementary Appendix, available at NEJM.org. The percentage of patients in whom a normal brain volume was achieved was 21% in the ETV-CPC group and 28% in the ventriculoperitoneal-shunt group, and the percentage of patients with substantial brain growth was 17% in the ETV-CPC group and 36% in the ventriculoperitoneal-shunt group (Fig. 3, and Table S1 in the Supplementary Appendix). Overall, 10% of infants had normal brain volume at baseline, but 27% had an increase in brain volume of more than 1 SD, with 24% of patients having a normal volume at 12 months. In the ventriculoperitoneal-shunt group, head circumference at 12 months was numerically smaller than in the ETV-CPC group (estimated difference, −1.6 cm; 95% CI, −3.0 to −0.2), and there was a numerically larger reduction in head circumference from baseline in this group (estimated difference, −4.0 cm; 95% CI, −5.5 to −2.5). These analyses were repeated according to the treatment as received, and the results were similar (Tables S2 and S3 in the Supplementary Appendix). The results of the remainder of the post hoc analyses are provided in Table S4 in the Supplementary Appendix.
Discussion
For infants younger than 6 months of age with postinfectious hydrocephalus in Uganda, our randomized trial did not show a significant differ- 30 (30) 18 (35) 12 ( 4 (4) 2 (4) 2 (4) 0.2 (−7.5 to 7.8)
1.00
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6 (6) 4 (8) 2 (4) −3.8 (−13.0 to 5.5) 0.68 * Data at 12 months for BSID-3 scores and volume measurements were available for 47 patients in each treatment group (94 patients in total). † Hodges-Lehmann estimates and 95% confidence intervals were used for differences in medians and normal approximation for differences in proportions. Because of the use of the Hodges-Lehmann estimator, the estimated difference is not the crude difference between the medians.
T h e ne w e ngl a nd jou r na l o f m e dicine ence between ETV-CPC and ventriculoperitoneal shunting with regard to the primary outcome of cognitive development. Previous studies [4] [5] [6] 21, 22, 27, 28 provided equipoise for our trial, which showed that the between-group differences in median BSID-3 outcomes were not significant and that the estimates of differences in the effects of the two treatments were no greater than 1 point on the BSID-3 scale, with 95% confidence intervals of no greater than 2 points in either direction ( Table 2) . Because of the severity of the initial brain injury from infection, 28 the overall developmental outcome was relatively poor for both treatments. Nearly all the patients (90%) began the trial with an abnormally low brain volume, but nearly a quarter (24%) of the entire group had a normal brain volume by 1 year (Fig. 3, and Table  S1 in the Supplementary Appendix). Ventriculoperitoneal shunting resulted in a significantly greater reduction in CSF volume and a numerically higher proportion of patients with substantial brain growth. The proportion of children who ultimately had a normal brain volume, however, was numerically similar in the two treatment groups, which suggests that similar growth was achieved with both treatments.
The incidence of complications, including infection and treatment-related death, was similar in the two groups. There was a numerically but not significantly higher rate of early treatment failure rate in the ETV-CPC group (Fig. 2) . However, previous reports have suggested the failure rates associated with ETV-CPC are lower thereafter. 10, 11, 13, 14 The duration of our trial was not sufficient to explore the rate of late ETV-CPC failure beyond 1 year.
Our trial addressed only one type of hydrocephalus, the postinfectious variety, which is often associated with substantial additional brain injury. 28 It is possible that results might differ for higher-functioning infants with less primary brain injury than those in this trial. The trial was performed at a single center with established expertise in ETV-CPC, which limits the generalizability of the results. The endoscopic procedure, however, has been successfully taught and applied in other low-income and middle-income countries (http://cure . org/ hydrocephalus), including Nigeria and Zambia. 29, 30 Our trial lacked sufficient power to rule out small differences in outcomes, including treatment failure and brain volume. Although the evaluators of the primary outcome were not aware of the treatment assignments, the caregivers and the medical team were, and this could have biased the assessments of some of the secondary outcomes. An interval of 1 year is relatively short, and assessing cognitive development in young infants, especially those with poor functioning, is challenging. Although the BSID-3 is a standardized and frequently used tool, longer-term follow-up with other assessment tools is needed. Panels A and B show brain-volume trajectories for female and male patients, determined by examination of preoperative, 6-month postoperative, and 12-month postoperative scans. Curve fits (Weibull distribution) to normative data 26 are indicated with black lines representing the age-adjusted mean and 1 and 2 SD above and below the mean. The scans represented by the circled data points in Panel A are shown in Panels C and D (for a patient in each treatment group who had catch-up growth to the normal range), and the scans represented by circled data points in Panel B are shown in Panels E and F (for a patient in each treatment group who had growth failure). In Panels C through F, the preoperative (baseline) scan is shown on the left, and the corresponding 12-month postoperative scan is shown on the right.
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In conclusion, in Ugandan infants with postinfectious hydrocephalus, this single-center, randomized trial did not show a significant difference in cognitive outcomes at 12 months between infants who underwent ETV-CPC and those who underwent ventriculoperitoneal-shunt placement. 
